An imaging white light velocimeter consisting of two image superimposing Michelson interferometers in series with the target interposed is demonstrated. Interferometrically measured 2-dimensional velocity maps can be made of moving surfaces using unlimited bandwidth incoherent and extended area sources. Short pulse and broadband chirped pulse lasers can be used to provide temporal resolution not possible with monochromatic illumination. A -20 mIs per fringe imaging velocimeter is demonstrated using an ordinary camera flash for illumination. Radial and transverse velocity components can be measured when the illuminating and viewing beams are non-parallel.
The fringe contrast is poorer for blue because the spherical mirror coating is not ideally reflective, causing When the illuminating and viewing beams are collinear the velocity measured is a radial velocity. A transverse component can be measured by non-parallel viewing and illuminating beams. The 3-dimensional velocity vector can be reconstructed by the use of several viewing beams.
Broadband illumination allows unambiguous determination of the zeroth fringe, so that the fringe phase can be tracked through discontinuous velocity histories, such as found in the measurement of shock waves. It produces optimal resolution of debris having different velocities but overlapped in view of the detector, such as debris from a disintegrating target. For targets which can have an unanticipated or evolving albedo spectrum, broadband illumination increases the likelihood of a reflected signal of significant intensity. The use of chirped illumination with a diffraction grating on output creates an all-optical streak camera capable of measuring motion over a line image with picosecond resolution3. Finally, the white light velocimeter allows the use of extended incoherent sources which are attractive for their convenience, compactness, cost or large total energy for illuminating a wide area. Figure 1 is a color photograph of the multicolor fringes produced by the white light velocimeter prior to and during a shot. Figure 2 shows the red, green and blue (RGB) components of Fig. 1 for the shot. Figure 3 shows that the target consists of stationary and moving sheets of white paper in the same field of view. Thus, this constitutes a discontinuous non-uniformly moving target. In addition, the graphpaper side of the target is moving non-uniformly in a continuous manner, because one edge of the surface was more strongly clamped than the opposite edge. A plot of red, green, and blue fringe shifts (Fig. 4) indicates the velocity grows from 3 rn/s to 20 rn/s from the left to right of Fig. 2 .
The illumination source was a small camera flash. This contrasts with conventional velocimetry where monochromatic and pointlike (laser) illumination is used. Secondly, conventional VISAR velocimetry is usually non-imaging, measuring velocity at a single or several points, or at most along a line. source of light, and the recording of a target having a velocity gradient across its surface. Figure 5 is a line diagram depicting the white light velocimeter (WLV) method. Two image superimposing interferometers are used in series with the target interposed. The interferometers are labeled "source" and "viewing", and have delays Ti and t2, respectively, which must nearly match. The superimposing condition requires that for a given interferometer, all images created by the interferometer superimpose longitudinally, transversely and in magnification, even though there is a temporal delay between the rays. This produces an interferometer delay which is independent of ray angle, for each image pixel.
The two interferometers can either be distinct, as in this demonstration, or can be realized by the same optics if the illumination retro-reflects from the target, as demonstrated in Ref. 2 . The latter configuration is the simplest because the delays Ti and 'r2 are automatically matched. However, separate interferometers may be desired to eliminate glare from shared optics so that weak reflectors can be observed, and so that one interferometer can be aligned differently than the other to form a fine fringe comb across the target image. If the delays Ti and t2 match within the coherence length of the source, then partial fringes are formed whose phase depends on ('rl-t2). Let t t be the gross delay value. The velocity per fringe sensitivity 11 is given approximately by i=<X>/(2'r) (1) where <A> is the average wavelength of the light being detected. Equation (1) is used to choose the general size for t, which can range from 1 mm to 10 meters for applications ranging from plasma physics to windtunnel diagnostics.
The production of fringes can be explained either in the time domain, as in Ref. 2 , or in the frequency domain, as is done here. Consider each interferometer to 1082/SPIE Vol. 2869 be a comb filter with sinusoidal pass bands periodically spaced l/t apart, in frequency space. The target velocity through the Doppler effect causes the source interferometer comb spectrum to scale by a factor (1+2v/c), where v is the target velocity for normal incidence and c is the speed of light. As the velocity changes, the overlap between the two slightly different comb filters produces fluctuations in the intensity passing through both interferometers, integrated over the range of wavelengths detected. This is analogous to moire fringes from two overlaid meshes having slightly different pitches.
For Michelson superimposing interferometers, the time averaged output intensity <I> from the viewing interferometer in the region of fringes varies approximately sinusoidally above a constant background as where A<I> is the fluctuating part of the time averaged intensity, and j is some phase constant. The average (2) wavelength is often determined by the detector. For example, in our case by the sensitivity spectra of the red-, green-or blue-emulsions in color film.
A single channel wideband detector could be used to record intensity. However, it is preferable to use a multi-channel detecting system where channels are organized either by wavelength or delay difference (Tit2). Both methods are used in thiS demonstration. By slightly misaligning a viewing interferometer mirror, the delay difference is made to vary across the image. Then target velocity causes the fringe comb to displace transversely across the image. In addition to this, the use of color film creates a 3-channel recording organized by wavelength. 
Image supenmposing interferometers
Alternatively, a grating could be used to diffract a line or point image into a spectrum. Equation (2) indicates that fringes will be observed which are sinusoidal versus 1I<2>. Whenthis configuration is used with a chirped pulse, a correspondence is made between wavelength and time at the target. This forms an optical streak camera3 which measures velocity history along a line across the target.
The interferometers can be of a Michelson class (generating two images) or Fabry-Perot class (infinite series of images of decreasing intensity). Single monochromatic superimposing Michelson interferometers realized by an etalon in one arm have been used in VISAR velocity interferometers for many years5 . These satisfy the superimposing condition only for one wavelength due to dispersion in the etalon, and thus are unsuitable for white light usage for long delays. The spherical aberration produced by the etalon can also be a concern if high numerical aperture imaging is desired. An example of a non-superimposing interferometer is the conventional Fabry-Perot, which longitudinally displaces the successive output rays for a given input ray. A FabryPerot can be made superimposing by adding a positive lens internal to the cavity so that there is exactly +1 magnification per round trip.
The achromatic superimposing Michelson interferometer used in this demonstration uses a relay lens system in one arm. This is shown in Fig. 6 , except that a transmissive lens L2 represents the spherical mirror actually used. The interferometer delay is given by the path length difference between the two arms. Lenses L2 and L1 image the surface of a spherical reflector RM1 to a so-called apparent mirror surface. This must superimpose with the image of M1 seen in the beamsplitter BS, and which is called the principal plane. The goal of the interferometer is to superimpose the apparent mirror and principal plane surfaces for a wide range of incident ray angles, positions and wavelengths. Other lenses, not shown, relay the principal plane to the target.
The interferometers of our apparatus have 4 meter delays so that the velocity per fringe proportionality for white light is about 20 mIs. This allows the use of low velocity targets safe for tabletop demonstrations.
